We investigate the fundamental-wavelength dependence of high-harmonic generation yield. Superimposed on a smooth power-law dependence, we find surprisingly strong and rapid fluctuations on a fine wavelength scale, due to quantum-path interferences.
Introduction
High harmonic generation (HHG) represents a versatile and highly successful avenue towards an ultrashort coherent light source covering a wavelength range from the vacuum ultraviolet to the soft X-ray region. The fundamental wavelength λ used in most of existing HHG experiments is in the near-visible range (∼ 800 nm). The cutoff law E c = I p + 3.17U p , where I p denotes the ionization potential and U p (∝ λ 2 ) the ponderomotive energy, suggests that a longer fundamental wavelength is advantageous to extend the cutoff to a higher photon energy. There is an increasing interest in the development of high-power mid-infrared (∼ 2 µm) laser systems, and the dependence of the HHG yield on λ has become an issue of major interest. It has been commonly accepted that the spreading of the returning wavepacket would result in a λ −3 dependence [1] . Recently, however, Tate et al. [2] have reported a different wavelength-scaling of HHG between 800 nm and 2 µm calculated with the time-dependent Schrödinger equation (TDSE) for Ar and a strong-field approximation (SFA) for He. They found a more rapidly decreasing HHG yield ∝ λ −5 ∼ λ −6 . This surprising finding based on limited number of data points motivated us to explore the λ dependence in more detail employing two completely independent integration methods of the TDSE to check for consistency and convergence [5] .
Numerical model
We investigate the HHG for H and Ar on the level of single-atom response, solving the TDSE,
where F (t) denotes the laser electric field, and V eff (r) the atomic potential within the single-active electron approximation. We employ two complementary methods to solve Eq. (1) in order to establish reliable and consistent results. The first method is the alternating direction implicit (Peaceman-Rachford) method [3] with a uniform grid spacing. In the second method, the TDSE is integrated by means of the pseudo-spectral method [4] with a non-uniform mesh point distribution. For a direct comparison we adopt the laser parameters used in Ref. [2] , with a fixed peak intensity of 1.6 × 10 14 W/cm 2 , and an envelope function corresponding to a 8-cycle flat-top sine pulse with a half-cycle turn-on and turn-off.
Results and discussion
The HHG yield (defined as radiated energy per unit time, integrated from 20 to 50 eV) calculated on a coarse mesh in λ with a spacing of 50 nm ( Ar, in qualitative agreement with Ref. [2] . The two alternative integration algorithms employed in this work agree well with each other. A closer look at Fig. 1 reveals the remarkable feature that the harmonic yield does not vary smoothly with λ as anticipated in the previous work, but strongly fluctuates. Slight change in fundamental wavelength may lead to variations of the yield by a factor of 2 to 6 ( Fig. 2) . Such rapid fluctuations imply that a reliable λ dependence can only be established by employing a fine λ grid. Such oscillations are largely independent of the atomic species and obviously the result of interference effects.
We apply a semiclassical model based on SFA [1] , to identify the origin of the interference structures. In this model, the time-dependent dipole moment d(t) is expressed as
c., i.e., a sum over paths P that start at the moment of tunnel ionization t i with amplitude b ion (t i ), evolve in the laser field -e −iSP (ti,t f ) -and recombine upon rescattering at the core at time t f with the amplitude c rec (t f ). Interference oscillations are controlled by the evolution phase, the semiclassical action S P (t i , t f ). When including up to five returning paths, the SFA calculation can reproduce the modulation depth, modulation frequency, and the approximate phase of the λ oscillations reasonably well, thus unambiguously establishing the quantum path interference as the origin of the fluctuations (Fig. 2) . Remarkably, for the present λ dependence the frequently discussed short and long trajectories are insufficient to account for the oscillations. Note that the Fourier broadening of the driving field exceeds the period δλ of the modulation.
Conclusions
Using two complementary integration algorithms for the TDSE, we have found that the fundamental wavelength dependence of HHG in the single-atom response features surprisingly strong oscillations on fine wavelength scales with modulation periods as small as 6 nm in the mid-infrared regime near λ = 2 µm. According to our analysis based on the SFA, this unexpectedly rapid variation on a fine scale is the consequence of the interference of up to five different rescattering trajectories. On a large λ scale, apart from the rapid oscillation, our TDSE results show that the HHG yield at constant intensity decreases as λ −x with x ≈ 5.
